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One of the most interesting and unique features of single-wall carbon nanotube ͑SWNT͒ is the electronic bandstructure that can be either semiconducting or metallic depending on the geometrical parameters ͑chiral indices͒. As a semiconductor, SWNT possesses distinctive characteristics such as the huge aspect ratio and the systematic dependence of the band gap on the diameter. In this context, the optoelectronic functionality should be the target of intense investigations. [1] [2] [3] [4] Nevertheless, this is still a largely unexplored field despite its great potentiality. One of the main impediments to further developments is that there has been very little progress in their processing techniques, above all, the fabrication of high-quality thin films. We stress that the realization of such thin films is one of the essential prerequisites for the further understanding of their basic properties as well as for the development of industrial applications.
In our previous studies, we succeeded in fabricating homogeneous SWNT thin films by using the LangmuirBlodgett ͑LB͒ technique. 5 We demonstrated that thin films with excellent optical quality can be deposited in a layer-bylayer fashion up to 140 or more layers. Moreover, we established that SWNTs can be aligned in the direction of the substrate-dipping, resulting in a large dichroic ratio in their near infrared polarized absorption spectra ascribable to the interband optical transitions. 5 While these high-quality SWNT LB films show great promise for various industrial applications, bundled tubes in these films place some limitation on the exploitation of their optoelectronic properties; the bundling causes an intertube electronic interaction that quenches the band-gap photoluminescence and considerably broadens the absorption peaks that are originally very sharp when isolated. 6 Micelle-assisted individual aqueous dispersion of SWNTs exhibit very sharp absorption and photoluminescence peaks that can be assigned to interband optical transitions for specific chiral indices ͑n , m͒. 6 Such isolated individual SWNTs are highly desirable not only for deeper understanding of their electronic properties but also for an array of optoelectronic applications such as photoelectric or light-emitting devices. However, in order for these devices to be realistic, we must again develop a method to process isolated individual SWNTs into high-quality, solid thin films. At the same time, the huge aspect ratio and concomitant extremely high anisotropy in their optoelectronic properties make it of paramount importance to pioneer a technique to align SWNTs in a desired direction in those thin films. The importance of the controlled alignment of individual SWNTs was rightly pointed out by Arnold et al., who reported band gap photobleaching of micelle-dispersed ͑and consequently non-aligned͒ SWNTs using pump-probe characterization. 7 In the present study, by using gelatin as a matrix polymer, we have developed a technique to fabricate thin films of homogeneously dispersed, isolated, individual SWNTs. Furthermore, we show that the mechanical stretching of the film induces considerable uniaxial alignment of the tubes, as demonstrated by highly polarized absorption and photoluminescence deriving from interband optical transitions in SWNTs. The alignment of carbon nanotubes by mechanical stretching was reported before 8, 9 but never so for individual and luminescent SWNTs, which is of great significance for the progress of carbon nanotube research.
HiPco SWNT ͑Carbon Nanotechnologies Inc.͒ was used as a starting material. Gelatin from alkali-processed bovine bone was obtained from Wako Chemicals. D 2 O was used as a solvent because of the broad spectral window in the near infrared region. Individually suspended SWNTs were prepared by sonication and ultracentrifugation following the procedures developed by O'Connell et al. 6 The upper 80% of the supernatant was carefully decanted and transferred into a vacuum rotary evaporator at 50°C for the partial evaporation of water to concentrate the SWNT/SDS suspension. The concentrated SWNT/SDS suspension was mixed with an aqueous gelatin solution ͑10 wt. % ͒ with the same volume and sonicated at 40°C for 10 min. SWNT/SDS/gelatin films were obtained by casting the solution on quartz substrates and dried at room temperature for 1 day. Gelatin was chosen because its solution undergoes gelation at 37°C during the cooling, which was expected to prevent the aggregation ͑or rebundling͒ of SWNTs ͑vide infra͒. Dried films were soaked in ethanol for 10 min and then peeled off from the substrate. Thus obtained free-standing films were swollen in a mixture of water and ethanol ͑2:3͒ for 10 min and fixed on a stretching machine. After stretching ͑draw ratio: 2 or 3͒ films were air dried under a constant elongation.
The optical absorption spectra of the SWNT/SDS/gelatin gel show a series of sharp peaks that are assigned to optical transitions between van Hove singularities in the valence and conduction bands of various SWNTs ͓Fig. 1͑a͔͒. This guarantees that the isolated state of individual SWNTs is well preserved in the gel. We suggest that gelatin mixes well with the suspension because it binds the hydrated head groups of micelles, thereby shielding the hydrophobic core retaining SWNTs ͑Fig. 2͒. Such an interaction between gelatin and SDS micelles is studied by the analysis of NMR chemical shift. 10 It is also reported that the miscibility of gelatin with SWNT can be used for the purification of the latter. 11 A slight redshift of the peaks relative to a micelle suspension ͓Fig. 1͑a͒ versus 1͑b͒ at S 1 and S 2 regions͔ may be explained by a different dielectric constant of the gelatin matrix as compared with SWNT/SDS-only dispersion, which should stabilize the excited states of SWNTs. Interestingly, at shorter wavelengths ͑M 1 region attributed to metallic SWNTs͒ no appreciable peak shift is observed, probably reflecting the fact that the dielectric property of the matrix is important only for excitonic states ͑which in principle are absent for metallic SWNTs͒.
Fabricating thin films from an SWNT/SDS/polymer micelle aqueous dispersion is a complex process. Even if a polymer itself has a good film-forming property, the film formation process is complicated by several factors such as the aggregation tendency of SWNTs and the effect of coexisting SDS. For example, when poly͑vinyl alcohol͒ ͑PVA͒, generally a very good film-former, is used as a polymer matrix, a cast solution on a glass substrate shrinks as the water evaporates, resulting in an uneven and inhomogeneous solid mixture of SWNT/SDS/polymer. We suspect that this is caused by an increased contact angle associated with the high concentration of SDS in the mixture solution. Moreover, it is reported that, for the preparation of SWNT/SDS/ PVA composites with or without poly͑vinyl pyrrolidone͒ as a dispersing agent, SWNTs inevitably aggregate as observed by a scanning electron microscope. 12 The use of gelatin as a matrix polymer prevents these unfavorable effects. As mentioned earlier, when cooling from a hot solution, gelatin undergoes gelation at slightly below 40°C. Upon gelation, a polymer network is formed in the SWNT/SDS/gelatin mixture dispersion. We believe that such a network should suppress the free diffusion of SWNT/SDS micelles, and thus could prevent their aggregation that would otherwise take place during the concentration and drying process. Gelation also prevents the shrinking of a cast solution on the substrate mentioned above. This was confirmed by the observation that, if drying was performed above the gelation temperature, namely, drying from sol, the shrinking of the solution took place in a similar way to the PVA case, inhibiting the formation of a flat and smooth thin film. Figure 3 shows the polarized absorption spectra of a stretched SWNT/SDS/gelatin film ͑draw ratio= 3͒. For light polarized parallel to the stretching direction, absorption peaks mostly retain the original shape ͑for the micelle suspension and gel͒, that is, sharp and well resolved, showing that SWNTs are still individually isolated in the dried film. This also certifies that the drying causes no serious alteration in their electronic states. The absorption intensity is remarkably higher for light polarized parallel to the stretching direction than for perpendicular. Since the transition dipole moments are in the direction of the tube axis, this demonstrates that the isolated SWNTs in these films are considerably aligned with the stretching direction. We also found that this alignment becomes stronger as the draw ratio increases from 2 to 3. These results have established that stretching a SWNT/SDS/gelatin composite film provides a useful tool for preparing a highly anisotropic ensemble of isolated individual SWNTs.
The substantial alignment of SWNTs is further confirmed by birefringence experiments ͑Fig. 4͒. Under observation by a polarized optical microscope in crossed-Nicol configuration, the brightness of the image changes drastically as the stretched film is rotated; complete extinction at 0°and 90°͑the stretching direction parallel or perpendicular to the polarizer direction, respectively͒, slight transparency at 10°a nd 80°, and the maximum transparency at 45°. We checked that a stretched gelatin film without SWNTs showed only weak birefringence, confirming that the most of the effect derives from the aligned SWNTs.
Finally, we show the results of polarized photoluminescence spectra. A stretched film was excited by depolarized light at 662 nm. Emitted light was fed through a polarizer and a monochromator and detected by an InGaAs photodiode array cooled at 173 K. A series of emission peaks are observed that can be assigned to specific chiral indices ͑Fig. 5͒, corresponding to specific semiconducting SWNTs that resonate at 662 nm ͑1.87 eV͒ excitation. The photoluminescence is much stronger with the polarizer parallel to the stretching direction than perpendicular. Here the effect of an instrumental polarization is excluded by the observation that photoluminescence from an SWNT/SDS suspension, supposed to be randomly oriented, showed no polarization dependence. A dichroic ratio of about 6 was obtained at the main peak ͑1140 nm͒. This could give a more exact measure of the alignment of SWNTs than the absorption spectra ͑Fig. 3͒, because the latter include non-polarized background components deriving from carbonaceous residues ͑such as amorphous carbon͒ or -plasmons.
In conclusion, we have developed a technique to fabricate a highly aligned ensemble of isolated individual SWNTs that exhibit highly polarized absorption and photoluminescence. The selection of gelatin as a matrix polymer has made it possible to prepare homogeneous dispersion owing to its protective colloid function and gelation, preventing the aggregation or rebundling of SWNTs. Gelatin's excellent filmforming property and stretchability also play important roles in this success. The present results could contribute greatly to further development of SWNTs as a new type of photoelectric and light emitting material, a development that has been retarded because of the lack of a processing technique best suited for these purposes. Polarized photoluminescence from a stretch-aligned SWNT/SDS/ gelatin dried film ͑draw ratio= 3͒ excited by depolarized 662 nm light. Possible polarization due to instrumental artifacts was excluded by the observation that photoluminescence from an SWNT/SDS suspension, supposed to be randomly oriented, showed no polarization dependence.
